Higher catalytic efficiency of N-7-methylation is responsible for processive N-7 and 2′-O methyltransferase activity in dengue virus  by Chung, Ka Yan et al.
Virology 402 (2010) 52–60
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roHigher catalytic efﬁciency of N-7-methylation is responsible for processive N-7 and
2′-O methyltransferase activity in dengue virus
Ka Yan Chung a,b, Hongping Dong a, Alexander Theodore Chao a, Pei-Yong Shi a,
Julien Lescar b, Siew Pheng Lim a,⁎
a Novartis Institute for Tropical Diseases, 10 Biopolis Road, #05-01 Chromos, 138670, Singapore
b School of Biological Sciences, Nanyang Technological University, 60, Nanyang Drive, 637551, Singapore⁎ Corresponding author. Fax: +65 6722 2916.
E-mail address: siew_pheng.lim@novartis.com (S.P.
0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.03.011a b s t r a c ta r t i c l e i n f oArticle history:
Received 23 November 2009
Returned to author for revision
30 December 2009
Accepted 3 March 2010
Available online 29 March 2010
Keywords:
Dengue
Methyltransferase
Steady state kinetic parameters
ProcessivityMethyltransferases (MTases) from the genus Flavivirus encode both N-7 and 2′-O activities needed for type 1
(m7GpppNm) cap structure formation. We performed kinetic studies to understand the mechanisms of its
progressive N-7 and 2′-O methylations. Sequential N-7 to 2′-O methylation occurred via a random bi bi and
processive mechanism that does not involve enzyme–RNA dissociation. Analyses of steady state kinetic
parameters showed that N-7 precedes 2′-Omethylation as it turnovers RNA faster (kcat) resulting in 2.4-fold
higher catalytic efﬁciency. Michaelis constants for S-adenosyl-methionine (AdoMet) in both reactions were
about 10-fold lower than for their respective RNA substrates, suggesting that the rate-limiting steps in
methylase reactions were associated with RNA templates. In the context of long viral RNA sequences, and
compared to S-adenosyl-homocysteine, sinefungin was about 60- and 12-folds more potent against dengue
N-7 and 2′-O MTase activity, exhibiting IC50 values of 30 and 41 nM, respectively.Lim).
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The Flaviviridae is a family of approximately 70 viruses that are
primarily spread through arthropod vectors such as ticks and
mosquitoes. Many members of the Flavivirus genus, such as West
Nile virus (WNV), Yellow fever virus (YFV), St. Louis encephalitis
virus, Murray Valley encephalitis virus, and the four serotypes of
dengue virus (DENV) can cause a wide range of human diseases
(Chambers et al., 1990). DENV causes dengue fever and dengue
hemorrhagic fever (DHF) in which both of them may be lethal.
Outbreaks and epidemics caused by DENV pose a public health
problem, in the tropical and subtropical regions (Gubler, 1998).
According to theWorld Health Organization, it is estimated that there
are 50 million dengue infections each year, with 500,000 cases of DHF
and 12,000 deaths occurring mainly in children.
Dengue virus is an enveloped viruswith a single-stranded positive-
sense RNA genome approximately 10.7 kb in length (Chambers et al.,
1990). This RNA comprises an open reading frame that encodes a large
polyprotein, which is processed by both viral and cellular proteases
into three structural proteins (C, M and E) and seven nonstructural
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The
mRNAof dengue virus has a GTP cap 1 structure (m7GpppNm) at the 5′
end and is essential for mRNA stability and effective translation duringinfection (Furuichi and Shatkin, 2000; Shuman, 2000). Inside the host
cell, cotranscriptional modiﬁcation adds the 5′ cap onto DENV viral
mRNAs (Shuman, 2000). Firstly, the 5′ triphosphate of the mRNA is
hydrolyzed to a 5′ diphosphate by RNA triphosphatase (encoded by
DENV NS3) (Bartelma and Padmanabhan, 2002). Then, guanosine
monophosphate is transferred to the 5′diphosphate by anunidentiﬁed
guanylyltransferase. The next steps involve methylation at N-7
position of the GTP cap and at the 2′-O position of the ﬁrst nucleotide
(adenosine) (Furuichi and Shatkin, 2000). Both N-7 and 2′-O
methylation utilize S-adenosyl-L-methionine (AdoMet) as the methyl
donor and generate S-adenosyl-L-homocysteine (SAHC) as the by-
product.
In DENV, methyltransferase (MTase) activity is encoded in NS5,
within the ﬁrst 296 amino acid residues (Egloff et al., 2002), while a
RNA-dependent RNA polymerase (RdRp) domain is located at the C-
terminal of NS5 (Ackermann and Padmanabhan, 2001). We and
others have shown that this MTase domain functions as a 2′-OMTase
when tested with short RNA sequences (Bartelma and Padmanabhan,
2002; Benarroch et al., 2004; Egloff et al., 2007; Lim et al., 2008;
Selisko et al., 2009). In the presence of longer RNA templates
corresponding to the authentic viral sequence, DENV catalyzed N-7-
methylation (Kroschewski et al., 2008; Zhou et al., 2007).
Extensive research on West Nile virus (WNV) MTase using site-
directedmutagenesis andmethylation assays have shown that in vitro
N-7 and 2′-O methylation activities require different optimal buffer
conditions and RNA templates for methylation (Dong et al., 2007; Ray
et al., 2006; Zhou et al., 2007). Speciﬁcally, N-7 methylation is optimal
Fig. 1. Determination of DENV N-7 and 2′-Omethylation of DENV GTP capped RNA (nt
1–110) under different buffer conditions. (A) Methylation was preformed for 1 h at RT
before addition of TAP at 37 °C for 2 h, followed by binding to streptavidin–SPA beads,
as described in the Materials and methods. Buffers used comprised 50 mM Tris–HCl, pH
7.5 with absence or presence of monovalent (20 mM NaCl). Black bars indicate total
amounts of [3H]-methyl incorporated into RNA, which is equivalent to dual N-7 and 2′-
O activities present, while open bars indicate [3H]-methyl incorporated into RNA after
TAP treatment to remove its GTP cap (corresponds to residual 2′-O activity). All the
experiments were performed twice, and the average amounts of [3H]-methyl
incorporated into the RNA template were recalculated from the raw counts (CPM)
obtained. (B) pH dependence of DENV N-7-MTase activity. DENV methylation was
performed in different buffers in the pH range from 6 to 10.0 (MES, pH 6.0; MOPS, pH
6.5, and Tris–HCl, pH 7.0–10) with or without 20 mMNaCl at RT for 20 min, after which
the RNA was bound to streptavidin–SPA beads, as described in the Materials and
methods. Average amounts of [3H]-methyl incorporated into the RNA template were
recalculated from the raw counts (CPM) obtained. Each data point was carried out in
duplicate. Clear and black bars indicate N-7-MTase activity tested in buffers without
and with NaCl, respectively.
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optimal at pH 9–10 where N-7 methylation takes place only at 30%–
50% of its optimal activity (at pH 7;(Zhou et al., 2007). Similar detailed
characterizations of DENV N-7-MTase activity have not been carried
out.
During viral RNA replication, it is envisioned that N-7- methylation
precedes2′-O and that 2′-Omethylation takesplace after re-positioning of
the N-7-methylated cap structure into the GTP-binding pocket (Dong et
al., 2008). In this report, we undertook experiments to characterize these
dual enzymatic activities of dengue MTase using RNA templates
corresponding to the viral 5′UTR sequence. We identiﬁed an optimal
buffer condition that allowedus to study the progression fromDENVN-7-
to 2′-O methylation and used it to determine their steady-state kinetics
parameters. Furthermore, we observed that sequential N-7 to 2′-O
methylation occurred via a processive mechanism of action and propose
that by targeting the enzyme's N-7 activity, we will also prevent 2′-O
activity from proceeding.
Results
Determination of DENV methylation events in different buffer conditions
Wepreviously characterized N-7 and 2′-OMTase activities inWNV
(Dong et al., 2007; Dong et al., 2008; Ray et al., 2006; Zhou et al.,
2007). N-7 MTase activity was observed in Tris–HCl buffer with NaCl
at pH 7 and in the presence of RNA substrates comprising at least 74nt
of the viral 5′UTR. 2′-OMTase activity was seen only in glycine buffer,
at pH 10, with a minimum RNA length of 20nt needed. In order to
study the progression fromN-7 to 2′-Omethylation in ﬂaviviruses, we
sort to identify a buffer condition that could support both activities.
We used DENV MTase for this work to better compare against the
studies of its 2′-O MTase activity done on short RNA substrates (Lim
et al., 2008; Selisko et al., 2009). We ﬁrst reevaluated DENV N-7-
MTase activity in Tris–HCl buffer, pH 7.5 in the presence or absence of
NaCl, using the ﬁrst 211 nt of the viral 5′UTR as substrate. The assay
format we used was based on the scintillation proximity assay (SPA),
followed by treatment with tobacco acid phosphatase (TAP) to
remove its GTP cap (Lim et al., 2008). After a 1-h incubation at
room temperature, DENV MTase demonstrated robust and compara-
ble activities in Tris–HCl buffers with and without NaCl (Fig. 1, black
bars). Following TAP treatment, we observed that the amounts of
radioactivity on the captured uncapped RNA in either buffer were
reduced by approximately one-third (Fig. 1A, unﬁlled bars). These
data indicate that both N-7- and 2′-O methylation had taken place
under these buffer conditions. This result is rather surprising as WNV
2′-Omethylation activity was not previously detected at neutral pH or
in the presence of NaCl (Zhou et al., 2007).
On average, the number of N-7-methylation events was about
4 nM during the 1-h reaction time, while under the same assay
conditions, that of 2′-O methylation was about 6 nM. To explore the
effects of pH on DENV N-7-methyltransferase activity, we tested the
enzyme in buffers at pH ranging from 6 to 10. We observed that the
enzyme was most active at 9 (Fig. 1B, unﬁlled bars). Addition of
20 mM NaCl altered the pH optimal marginally to 8.5–9 and
somewhat reduced the N-7-methylation rate (Fig. 1B, black bars).
To maintain the assay buffer to be close to physiological conditions,
for subsequent experiments, we used the buffer containing 50 mM
Tris–HCl, pH 7.5, with 20 mMNaCl (Tris+NaCl buffer) to characterize
dual N-7 and 2′-O methylation.
Requirements of DENV 5′UTR RNA in DENV N-7-methylation
WNV N-7-MTase activity was dependent on a minimum RNA
length of 74nt from its 5′UTR (Dong et al., 2007). To ascertain the RNA
requirements for DENV N-7-methylation, we tested its activity using
different lengths of the DENV 5′UTR comprising either the ﬁrst 70,110, and 211 nt. DENV MTase was incubated with these RNA
sequences for 1h in buffer with Tris+NaCl followed by treatment
with TAP enzyme. Varying amounts of N-7- and 2′-O activities were
observed in all three RNA templates (Fig. 2A). Maximal activities of
bothmethylations were found in the DENV 5′UTR corresponding to its
ﬁrst 110nt (Fig. 2A). In comparison, the longer RNA substrate with
211nt of the 5′UTR was slightly less efﬁcient, while low levels of 2′-O
but not N-7 activity was observed with nt1–70 of the 5′UTR (Fig. 2A).
To conﬁrm that N-7-methylation was indeed taking place under these
conditions, we assayed for the presence of N-7-methylated GTP cap
using the thin-layer chromatography (TLC) method we used for WNV
MTase (Ray et al., 2006). We incubated the G*ppp-nt 70, 110,
and 211 RNA substrates (asterisk indicates that the ﬁrst phosphate is
33P-labeled in the GTP capped RNA), with DENV MTase and cold
AdoMet in Tris+NaCl buffer, followed by treatment with nuclear P1
and separation of the products on TLC. Similar to the ﬁndings in the
SPA assay, after 5 min of MTase activity, labeled N-7-methylated
Fig. 2. RNA length requirements for DENV N-7 methylation. (A) DENVmethylation was
performed in Tris+NaCl buffer at RT for 1 h in the presence of different lengths of RNA
substrates (GTP capped 5′UTR nt 1–70, 1–110, and 1–211), followed by TAP treatment
and binding to streptavidin–SPA beads as before. Experiments were performed twice,
and the average amounts of [3H]-methyl incorporated into the RNA templates were re-
calculated from the raw counts (CPM) obtained. Open and black bars indicate the
amount of [3H]-methyl obtained from N-7-and 2′-Omethylations, respectively. (B) TLC
analyses of nuclease P1-resistant cap structures after DENV methylation of G*pppA-
RNA performed with different lengths of RNA substrates (G*ppp-5′UTR nt 1–70, 1–110,
and 1–211). Asterisk denotes the following phosphate is 33P-labeled. Reaction time was
5 min. The positions of the origin and migration of m7G*pppA (lane 1) and G*pppA
(lane 5) are indicated. Arrows indicate the positions of the respective products obtained
(lanes 2–4). Relative conversions tom7G*pppAwere quantiﬁedwith a PhosphorImager
and indicated above the autoradiograph.
Fig. 3. Time course analyses of DENV N-7-and 2′-Omethylations. (A) DENVmethylation
of GTP capped 5′UTR nt 1-110 in Tris+NaCl buffer was monitored at 5-min intervals
during a period of 20 min and thereafter at 20-min intervals for a total period of 1 h at
RT, followed by TAP treatment and binding to streptavidin–SPA beads as before.
Experiments were performed twice, and the average amounts of [3H]-methyl
incorporated into the RNA template were recalculated from the raw counts (CPM)
obtained. Open and black bars indicate the amount of [3H]-methyl obtained from N-7-
and 2′-O methylations, respectively. (B) TLC analyses of nuclease P1-resistant cap
structures after DENV methylation of G*ppp-nt 1–110 in the same buffer as (A) during
an incubation period of 4 h. Asterisk denotes the following phosphate is 33P-labeled.
The positions of the origin and migration of m7G*pppA (lane 1) and G*pppA (lane 7)
are indicated. Arrows indicate the positions of the respective products obtained at 15,
30, 60, 120, and 240 min (lanes 2–6). Relative conversions to m7G*pppA were
quantiﬁed with a PhosphorImager and indicated above the autoradiograph.
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of the DENV 5′ UTR, but hardly observed with the 70nt RNA substrate
(Fig. 2B). Interestingly, these data revealed that there are differences
in the N-7 catalytic activity between DENV and WNV MTase, as the
ﬁrst 74nt ofWNV 5′ UTR was sufﬁcient to mediate robust N-7-activity
(Dong et al., 2007). Hence, for subsequent experiments, we utilized
the 110nt sequence as the RNA substrate to characterize DENVMTase.
Characterization of sequential DENV N-7 to 2′-O methylation
Next, we performed a time course experiment to monitor the
progression of DENV N-7 and 2′-OMTase activity over a reaction timeof 1h in Tris+NaCl buffer followed by TAP treatment as before. Both
the rates of N-7 and 2′-O methylations increased linearly during the
initial 20 min, with the rate for 2′-O progression being much slower
than that of N-7 (Fig. 3A). About 5.3 nM RNA was N-7-methylated
after this period while only half the amount of RNA was 2′-O-
methylated. Furthermore, N-7-methylation of the RNA substrate was
completed at 20 min, and further incubation with MTase did not
increase the signals obtained (Fig. 3A, unﬁlled bars). On the other
hand, after 20 min, levels of 2′-O conversion continued to rise and
were completed after 40 min, resulting in similar numbers of
methylation events as N-7-activity (Fig. 3A, black bars).
Kinetic analysis was next performed using TLC on GTP capped RNA
substrate, G*pppA110nt RNA. TLC analyses of the time course experiment
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110nt and m7G*pppAm-110nt (Fig. 3B). m7G*pppA was detected at
15 min and gradually declined after 2 h. About 30% RNA was N-7-
methylated after 1 h. Concurrently, the double-methylated m7G*pppAm
was detected after 30 min (with about 5% product observed) and
increased over 4 h. Together, these results established that DENV MTase
sequentially performed N-7 and 2′-Omethylations of GTP capped RNA in
Tris+NaCl buffer, in the order of GpppA→m7GpppA→m7GpppAm.
Steady-state kinetic parameters of DENV MTase on RNA substrate and
AdoMet
To better understand why N-7 precedes 2′-O activity, experiments
were performed to study the enzyme activity under steady-state
conditions. This will shed light on the catalytic efﬁciency of DENV N-7
and 2′-OMTase with respect to its two substrates, RNA substrate and
AdoMet. Here, kinetic parameters were determined in the same Tris+
NaCl buffer using GTP or m7 GTP capped 110nt as RNA substrates, to
separately assess N-7 and 2′-O kinetic parameters. Enzyme activity
was measured in the presence of a constant concentration of MTase
and (A) saturating concentrations of [methyl-3H]-AdoMet with
varying concentrations of RNA substrate or (B) saturating concentra-
tions of RNA with varying concentrations of [methyl-3H]-AdoMet.
Results were curve-ﬁtted according to one site binding mode (refer toFig. 4. Determination of steady-state kinetic parameters of DENV N-7 and 2′-O
methylations. MTase, 100 nM, was incubated in Tris+NaCl buffer at RT for 15 min with
GTP capped nt 1–110 for N-7-methylation or for 30 min with m7GTP capped nt 1–110
for 2′-Omethylation in the presence of (A) 3.5 μM [methyl-3H]-AdoMet and increasing
concentrations of RNA ranging from 0 to 3.34 μM or (B) 2 μM RNA and increasing
concentrations of [methyl-3H]-AdoMet ranging from 0 to 2 μM. The initial velocities of
the reactions were plotted against the substrate concentrations, and the steady-state
parameters were obtained by a linear regression curve ﬁtting as described in the
Materials and methods. Results are the average of two experiments. All data points
were performed in duplicates.Eq. (1)) and plotted with reaction velocities as a function of RNA
(Fig. 4A) or AdoMet (Fig. 4B) concentrations to obtain values for Kmapp
and Vmaxapp and were used to calculate the turnover number (kcat) and
catalytic efﬁciency (kcat/Km). Steady-state kinetics parameters
obtained are summarized in Table 1.
Overall, the catalytic efﬁciency (kcat/Km) for RNA is 2.4-fold faster for
DENV N-7 MTase activity compared to 2′-O (Table 1). This is not due to
thedifference in theMichaelis constant (Kmapp) of the twoRNA substrates
(GTP vs m7-GTP capped-RNA) as their Kmapp values are identical. Rather,
therewas amuch faster turnover (kcat) of GTP capped RNA compared to
m7-GTP capped RNA (2.4-fold higher in N-7 compared to 2′-O MTase
activity). On the other hand, the kinetic parameters for AdoMet were
similar in both N-7 and 2′-OMTase activities. Thus, the reason that N-7
activity precedes 2′-O is primarily driven by its better catalysis for GTP
capped RNA over m7-GTP capped RNA.
Interestingly, the catalytic efﬁciencies of dengue N-7 and 2′-O
methylations were 2.8- and 5.8-folds better in the context of AdoMet
compared to its corresponding RNA substrates, GTP and m7-GTP
capped RNA (Table 1). This wasmainly due to improved Kmapp values of
AdoMet. In both methylation events, this corresponded to a 10-fold
enhancement over Michaelis constants for both RNA substrates.Preincubation studies and determination of DENV MTase processivity
Using a capped RNA octamer, we previously determined that
DENV MTase supports a random bi bi kinetic mechanism as both
MTase-AdoMet and MTase-RNA complexes were equally catalytically
competent. To check if the enzyme behaves in the samewaywith long
viral RNA templates, recombinant MTase was preincubated with
AdoMet or RNA for 5 min at RT, and the reactionwas initiatedwith the
addition of the missing component, RNA or AdoMet, respectively. As a
control, AdoMet and RNA were similarly incubated, and the reaction
was initiated with enzyme addition. The levels of methylation were
monitored for 30 min. Similar to our ﬁndings with the octameric RNA
substrate, the order of substrate addition did not have any signiﬁcant
inﬂuence on the pre-steady-state methylation (Fig. 5A). Addition of
either AdoMet or RNA resulted in similar methylation rates and was
comparable to the control reaction. Thus, DENV MTase carries out
random bi bi methylation.
Since DENV MTase sequentially methylates GTP capped RNA at two
positions, it can perform this dual activity either processively or
distributively. In processive methylation, the same molecule of DENV
MTase enzymemethylates the N-7 and 2′-O positions sequentially after
binding to the RNA. In the case where the enzyme has a distributive
mode of action, it dissociates from the RNA after the ﬁrst round of N-7
methylation, and 2′-Omethylation can beperformedby reassociation of
the same enzyme molecule to the RNA or by another molecule.
To determine the mode of action of dengue MTase, a master tube
containing biotinylated-RNA,MTase, and AdoMet in Tris+NaCl bufferTable 1
Steady-state parameters for AdoMet and RNA, for DENV N-7 and 2’-O MTase activities.
Values for Kcat and Kcat/Km were calculated using equations described in the Material
and Methods. Results are the average of two experiments. All data points were
performed in duplicates. adenotes steady-state parameters obtained with short GTP
capped RNA octamer (SR) in Lim et al. 2008.
MTase
Activity
Vmax
app
(nM/min)
Km
app
(mM)
kcat
(s−1) ×10−5
kcat/Km
(M−1 s−1)
RNA N-7 1.17±0.19 1.80±0.58 19.47 108.27
2′-O 0.49±0.075 1.80±0.54 8.23 45.87
2′-OSRa 1.67±0.04 0.0318±0.003 111 34.7×103
AdoMet N-7 0.32±0.02 0.18±0.03 5.40 307.26
2′-O 0.31±0.08 0.19±0.05 5.18 267.68
2′-OSRa 3.71±0.01 1.194±0.188 247 2.07×103
a Steady-state parameters obtained with short GTP capped RNA octamer (SR) in Lim
et al. (2008).
Fig. 5. Preincubation and processivity experiments with DENV MTase. (A) Methylation
reactions were performed in Tris+NaCl buffer at RT for a period of 30 minwith 100 nM
enzyme, 0.64 μM RNA template, and 0.64 μM [methyl-3H]-AdoMet. Reaction was
started by the addition of AdoMet to a solution containing RNA and AdoMet (ﬁlled
circle), addition of RNA to a solution containing enzyme and AdoMet (open square), or
addition of enzyme to a solution containing RNA and AdoMet (open triangle).
(B) Processivity or distributive mode of action of MTase was determined in Tris+NaCl
buffer containing enzyme and GTP capped 5′UTR nt 1–110. Reactions were incubated
for 5 min at RT after which equal amounts of biotinylated RNA (open square),
nonbiotinylated RNA (ﬁlled triangle), or water (open circle) were added. At periodic
time intervals from 10, 20, 30, 40, 50, and 60 min, an equal volume of the reaction
mixture was removed from all three reaction tubes, and the RNA products were bound
to streptavidin–SPA beads. Experiments were performed twice, and the average
amounts of [3H]-methyl incorporated into the RNA template were recalculated from the
raw counts (CPM) obtained.
Fig. 6. Determination of inhibitory effects of competitive compounds against DENV
MTase. Methylation reactions were performed with DENV MTase in (A) Tris+NaCl
buffer at RT for 15 min with GTP capped nt 1–110 for N-7-methylation or (B) in Tris+
MgCl2 buffer at RT for 30 min with m7GTP capped nt 1–110 for 2′-Omethylation, in the
presence of increasing concentrations of SAHC and sinefungin. Plots of average counts
(CPM) obtained versus logarithm of compound concentration were used to determine
the concentration of compound needed to inhibit 50% of the enzyme activity. SF (open
square) denotes sinefungin, and SAHC (ﬁlled triangle) denotes S-adenosyl
homocysteine.
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RNA, nonbiotinylated RNA, or water was added to the reaction
mixture (ﬁnal ratio of MTase/RNA is 1:16). If the DENV MTase was
processive, addition of nonbiotinylated RNAwould not have any effect
on the ﬁnal number of [methyl-3H] transferred ,and the counts would
be comparable to the control addedwithwater. However, if theMTase
was distributive, it could dissociate from the biotinylated RNA after N-
7 methylation and bind to either an N-7-methylated biotinylated RNA
to initiate 2′-O methylation or to nonbiotinylated RNA for a new
round of N-7 methylation. Under these circumstances, the total
number of [methyl-3H] transferred would be lower than the control
tube added with water as the nonbiotinylated RNA would not be
captured on SPA beads.
Results showed that at the early stages of the reactions, up to
30 min, the total amount of methylated RNA was comparable in tubes
added with biotinylated RNA, nonbiotinylated, RNA or water. After
40 min, the presence of added biotinylated RNA resulted in an
increased number of [methyl-3H] transferred over reaction mixtures
added with either nonbiotinylated RNA or water (Fig. 5B). This is
expected as more biotinylated RNAwas available for enzyme catalysis
as the ﬁrst round of N-7 and 2′-O MTase activities was close tocompletion at 40 min (see also Fig. 4A). On the other hand, the
number of [methyl-3H] transferred was similar in tubes containing
nonbiotinylated RNA or water over the entire hour of reaction time.
This result indicated that DENV MTase worked via a processive
mechanism of action.
Validation of N-7-methylation assay with compound testing
We had previously demonstrated strong inhibitory activties of S-
adenosyl-homocysteine (SAHC) and sinefungin against DENV 2′-O-
MTase (Lim et al., 2008). Hence, we sought to assess the inhibitory
potency of these compounds against DENV N-7-MTase activity using
the kinetic parameters we had determined for the enzyme. DENV
MTase was preincubated with GTP capped 110nt RNA and increasing
concentrations of either inhibitor for 20 min, followed by initiation of
reaction with [3H]-AdoMet. Stop buffer and SPA beads were added to
quench the reaction after 15 min. Dose–response curves obtained
with SAHC gave an average IC50 value of 1.77±0.75 μM, while
sinefungin gave rise to an IC50 value of 0.030±0.004 μM (Fig. 6A and
Table 2). Interestingly, this represents an almost 60-fold improvement
in the inhibitory activity of sinefungin compared to SAHC. Compared
to the data previously obtained for DENV 2′-OMTase, SAHC is almost
3-fold less active against DENV N-7-MTase activity, while sinefungin
is 14-fold more active (Lim et al., 2008). Since our previous work was
performedwith a GTP capped 8nt RNA substrate (Lim et al., 2008), we
Table 2
Inhibition of DENV MTase activity by competitive inhibitors, SAHC and sinefungin. The
results shown are the average of three independent experiments and the respective
IC50 values and Hill slopes obtained in N-7 and 2′-O activity are indicated.
N-7-MTase activity 2′-O MTase activity
Compounds Average IC50
(μM)
Hill slope Average IC50
(μM)
Hill slope No. of
experiment
SAHC 1.77±0.75 0.70–1.22 0.49±0.05 1.42–1.65 3
Sinefungin 0.030±0.004 0.71–1.18 0.041±0.010 1.16–1.25 3
57K.Y. Chung et al. / Virology 402 (2010) 52–60retested both compounds against DENV 2′-O MTase activity using
m7GTP capped 110nt RNA (Fig. 6B and Table 2). Similar to our
ﬁndings for the N-7 inhibition, we obtained an IC50 value of 0.49±
0.05 μM for SAHC and 0.041±0.010 μM for sinefungin. Hence,
sinefungin exhibited enhanced inhibitory activities against both
DENV N-7 and 2′-O MTase with long RNA templates. It is plausible
that in the presence of RNA templates of different lengths, sinefungin
and SAHC may exhibit different binding properties.Binding afﬁnities of SAHC, sinefungin, and RNA to dengue MTase
As a consequence, we assessed the binding of RNA to MTase in the
presence of either SAHC or sinefungin using the GTP-4,4-diﬂuoro-4-
bora-3a,4a-diaza-s-indacene (GTP-Bodipy) displacement assay (Geiss
et al., 2009). Overall, both long and short RNA substrates bound
strongly to dengue MTase. Rather surprisingly, binding of GTP capped
110nt RNA to dengue MTase was 4.7- and 2.3-folds poorer compared
to m7-GTP capped 110nt RNA and GTP capped 8nt RNA, respectively
(Fig. 7 and Table 3). In the presence of 100 μM sinefungin or SAHC, the
binding of both GTP and m7-GTP capped 110nt RNA was enhanced by
about 2-fold, while no improvement was observed with the short GTP
capped 8nt RNA (Fig. 7 and Table 3). Since sinefungin and SAHC
exhibited similar effects on the interactions between dengue MTase
and the different RNA substrates, it is not clear why sinefungin has
more potent inhibitory properties compared to SAHC in the presence
of the long RNA templates.Fig. 7. Binding afﬁnities of RNA substrates to DENV MTase in presence of sinefungin or
SAHC. DENV MTase was incubated with (A) GTP capped 110nt RNA in Tris+NaCl
buffer, (B) m7GTP capped 110nt RNA in Tris+MgCl2 buffer, and (C) GTP capped RNA
octamer in Tris+MgCl2 buffer in the absence of ligand (open circle), or with the ligand,
sinefungin (SF; open square) and SAHC (open triangle).
Table 3
Binding afﬁnities of RNA substrates to DENVMTase in presence of sinefungin or SAHC in
N-7 (Tris+NaCl) or 2′-O (Tris+MgCl2) buffers. All data points were performed in
duplicates.
Assay (buffer) RNA Compounds Ki (nM)
N-7 (Tris+NaCl) GTP capped 110nt None 324.4
SAHC 180.1
Sinefungin 185.6
2′-O (Tris+MgCl2) m7GTP capped 110nt None 68.4
SAHC 31.9
Sinefungin 35.7
2′-O (Tris+MgCl2) GTP capped 8nt None 138.6
SAHC 173.7
Sinefungin 131.6Discussion
Following our studies with WNV N-7- and 2′-O MTase activities,
we further characterized the kinetic mechanisms of both enzymatic
activities in an effort to apply this knowledge to ﬁnd inhibitors against
Flavivirus MTase. We selected DENV MTase for this work to better
compare the studies of its 2′-O MTase activity previously performed
on short RNA substrates (Lim et al., 2008; Selisko et al., 2009). We
found that DENV N-7- and 2′-O MTase activities occurred in buffer at
pH 7.5, with optimal pH for N-7 activity at pH 8.5–9. Both activities
tolerated buffers with ionic strength with 20 mM NaCl, but N-7
activity was completely abolished by the presence of low concentra-
tions of divalent cations, Mg2+ and Mn2+ (see Supplementary Fig. 1).
Although the proﬁle of DENV N-7-MTase resembles that of WNV N-7-
MTase (Zhou et al., 2007), DENV 2′-O MTase proﬁle is different from
that of WNV. At pH 7.5, only low levels of WNV 2′-O MTase activity
occurred (20% conversion after 1 h of reaction) and the presence of
10 mMNaCl completely inhibited its activity (Zhou et al., 2007). Thus,
it was interesting to observe progression from single N-7-methylation
to dual methylation of the viral RNA templates in Tris–HCl, pH 7.5
buffer containing 20 mM NaCl (Fig. 1A). In addition, RNA template
requirements also differed between these two related viruses. Strong
WNV N-7-MTase activity took place with an RNA substrate bearing
74nt of the viral 5′UTR (Dong et al., 2007), while a similar sequence in
DENV failed to elicit N-7 activity. Instead, a minimal length of 110nt
was necessary to see robust N-7 activity (Fig. 2).
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likely a consequence of the different assay conditions used in our
experiments. Our previous WNV studies were performed with the TLC
method, while our current work on DENV predominantly utilized the
SPA method, which used different assay conditions. Indeed, in our
analyses of DENV MTase activities, we observed slight differences in
results usingbothmethods.While conversions fromGpppA→m7GpppA
and m7GpppA→m7GpppAm were completed in 20 and 40 min,
respectively, in the SPA assay, conversion to both products in the TLC
assay was much slower, with only 24% of the RNA comprising dual
methylated forms after 4 h (Fig. 3). For these reasons, we embarked on
experiments to determine the steady state kinetic parameters for both
N-7 and 2′-O methylation by using GTP and m7GTP capped RNA
substrates for each respective activity.
Analyses of these parameters provided insight into how N-7
precedes 2′-Omethylation. DENVMTase turned over GTP capped RNA
2.4-fold faster compared to m7GTP capped RNA and led to 2.4-fold
higher catalytic efﬁciency in its N-7 activity over the 2′-O activity
(Table 1). In addition, for both N-7 and 2′-O activities, the rate-
limiting steps are mainly associated with the RNA templates as the
catalytic efﬁciencies for AdoMet in both enzymatic reactions are 2.8-
and 5.8-fold better than for the respective RNA substrate (Table 1).
Since our experiments indicated that this protein worked via a
random bi bi and processive mode of action (Fig. 5), this means that
the either AdoMet or RNA can bind ﬁrst to the enzyme to initiate
formation of the ternary complex needed for N-7-methylation.
Following N-7-methylation of the GTP cap, the product of the
reaction, SAHC, must be released and exchanged for another molecule
of AdoMet without enzyme dissociation from the RNA. It is envisioned
that after SAHC release, the GTP cap of the RNA must relocate and
dock into the N-terminal GTP-binding pocket of the enzyme (Egloff et
al., 2002; Zhou et al., 2007; Dong et al., 2008) to facilitate 2′-O
methylation of the ﬁrst adenosine of the RNA substrate. As such, a
processive mode of methylation for this enzyme would be more
advantageous over a distributive mechanism of action, as the
methylation processeswould bemore efﬁcient and the bound enzyme
could provide an additional function of protecting the viral RNA from
degradation by host nucleases. Nevertheless, the steps that lead to the
induction of the second methylation event remain to be deciphered.
In addition, whether the enzyme remains bound to the RNA after both
methylations have taken place is also uncertain.
The catalytic efﬁciencies of both activities with the long RNA
substrates observed here (Table 1) are substantially lower than the 2′-
O activity obtained with the RNA octamer (Lim et al., 2008). In the
latter, its catalytic efﬁciency was 756-fold higher compared to that
with m7GTP capped 110nt RNA, with a corresponding 57-fold
decrease in the Michaelis constant and 13-fold better catalysis (Lim
et al., 2008). Moreover, the kcat/Km values for AdoMet in presence of
long RNA sequences in N-7 and 2′-O methylation were also 113- and
130-fold lower, respectively, compared to the short RNA octamer (Lim
et al., 2008).
These data suggest that additional interactions of the long RNA
templates with the enzyme, likely mediated via secondary stem–loop
structures, may be responsible for the higher Km values and lower
turnover rates observed for both 110nt RNA and AdoMet. However,
our binding experiments revealed that the afﬁnity of dengueMTase to
m7-GTP capped 110nt RNA was only 2-fold stronger than to the GTP
capped 8nt RNA and that binding of sinefungin and SAHC did not
dramatically alter RNA–MTase interactions (Table 3).
Our ﬁndings here are different from reports on exocyclic DNA
MTases. For example, for M. EcoRV, M. EcoRI, and T4 Dam enzymes,
catalytic efﬁciencies increased signiﬁcantly (by 128- to 50,000-fold)
when assayed with linear or plasmid DNA, compared to short DNA
oligonucleotides (Bheemanaik et al., 2006). These augmentations are
primarily driven by lower Km values of the enzymes for long RNA
templates (4- to 6000-fold better than DNA oligonucleotides) and to aless extent, on their turnover rates (3- to 8-fold improvement over
DNA oligonucleotides). Similarly, vaccinia virus VP39 MTase also
exhibited reduction in Kmapp values from 160–230 nM to 9–15 nM as
the RNA chain lengths were increased from 2–6nt to 20–50nt
(Lockless et al., 1998). A further report indicated that this protein
had a Kmapp value of 5 nM for its full-length viral RNA genome (Barbosa
and Moss, 1978). Thus, it is difﬁcult to reconcile the difference ob-
served with dengue MTase.
We evaluated two compounds, sinefungin and SAHC, which we
and others have shown to be potent inhibitors of Flavivirus MTase
(Table 2). SAHC showed similar inhibitory properties against DENV
N-7 and 2′-Omethylation, and the results were similar to the values
obtained with short GTP capped RNA oligomers (Lim et al., 2008;
Selisko et al., 2009). In contrast, in the presence of long viral RNA
substrates, sinefungin inhibited DENV N-7 and 2′-O activities about
14- to 21-fold better than against its 2′-O activity measured with
short RNA sequences (Lim et al., 2008; Selisko et al., 2009), and
remarkably, it also showed 60-fold greater potency against dengue
N-7 activity compared to SAHC (Table 2). It is possible that the
additional amine group in sinefungin can promote better MTase–
RNA association through interaction with amino acid residues in the
enzyme or with phosphate groups in the RNA backbone. However,
binding experiments done in competition with GTP-bodipy revealed
that the both sinefungin and SAHC slightly enhanced GTP and m7-
GTP capped 110nt RNA binding to dengue MTase but not with GTP
capped 8nt RNA and thus do not explain the different inhibitory
properties of sinefungin for the three RNA substrates or its better
potency compared to SAHC. Interestingly, this variation in inhibitory
property between sinefungin and SAHC was previously observed in
yeast capping MTase, Abd1 (Zheng et al., 2006) and in vaccinia virus
N-7-MTase (Pugh and Bochardt, 1978), where the sinefungin was
900- and 54-fold, respectively, more potent than SAHC. This ﬁnding
may be of interest in the design of inhibitory molecules against
speciﬁc classes of MTase.
Materials and methods
Materials
S-adenosyl-L-methionine chloride (AdoMet) and S-adenosyl-homo-
cysteine (SAHC) were purchased from Sigma (St. Louis, MO). S-
adenosyl-L-[methyl-3H]-methionine (72 Ci/mmol) and streptavidin-
coated SPA beads were purchased from Amersham Biosciences (Piscat-
away, NJ).
PCR and cloning of DEN2 5′UTR sequences
DENV2 5′ UTR nt 1–211 was obtained by PCR from the plasmid
template, pDVWS601 (a gift from Andrew Davidson, University of
Bristol) which harbors the infectious cDNA of DENV2 New Guinea C
strain with primer pairs DV2-T7pro-FOR (5′-CTTGATATCGAATTCCTG-
CAGC-3′) andDV2-211-REV (5′-GCAGCATTCCAAGTGAGAATC-3′). The
T7 promoter was further modiﬁed to generate the T7 class II ϕ2.5
promoter (Ray et al., 2006) by using the primer pairs T7proA2.5-FOR
(5′-CTCACTATTAGTTGTTAGTCTACGTGGA′3) and T7proA2.5-REV (5′-
AACAACTAATAGTGAGTCGTATTAGC-3′). DENV2 5′UTR nt 1–70 and 1–
110 were PCR-ampliﬁed from the modiﬁed DENV2 5′UTR nt 1–211
product using DV2-T7pro-FOR and DV2-70-REV (5′-CTGTTAGAAC-
TACGTTGAGCT-3′) or DV2-110-REV (5′-CGTTGGTTATTCATCAGAG-
3′), respectively.
In vitro transcription of DEN2 5′UTR sequences
DENV2 5′UTR RNA sequences (5′UTR nt 1–70, 1–110, and 1–211)
were in vitro-transcribed using the respective PCR products and the in
vitro transcription kit from Promega (Madison, WI) at 37 °C for 2 h
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transcription buffer, 1 mM rATP, rGTP, or rUTP, 0.5 mM rCTP mix,
0.5 mM biotinylated rCTP, and 1.5 μl of T7 polymerase mix and 0.5 mM
RNA cap analogues. Reaction mixtures were phenol–chloroform-
extracted followed by ethanol precipitation. Nonbiotinylated RNAs
were made using Ambion MEGAshortscript™ Kit (Applied Biosystems,
Singapore) following the manufacturer's protocol. Two different types
of RNAweremade using two5′cap analogues, GpppA cap andm7GpppA
cap analogues (New England Biolabs, Beverly, MA).
Cloning of DENV2 NGC SAM 272
DNA fragment representing theN-terminal 272 amino acids ofDENV
NGC NS5 MTase domain was PCR-ampliﬁed from pGEX4T1-NGC-SAM
1–296 (XuTing,NITD)using theprimerpair BC-NGCSAM-BAM-FOR(5′-
GCGTGGATCCGGCAACATAGGAGAAACGCT-3′) and BC-NGCSAM-272-
Xho-REV (5′-CGGCTCGAGTTATAGGTTCGGTGTCTCACTTTC-3′). It was
cloned into the plasmid pGEX4T1 (GE Healthcare, United Kingdom)
using XhoI and BamHI, and the sequence was veriﬁed by DNA
sequencing.
Expression and puriﬁcation of NGC SAM 272
The plasmid pGEX4T1-NGC-272 was transformed into BL21
competent cells (Novagen, Madison, WI), and grown in LB plate
containing ampicillin at 37 °C. Cells were induced overnight with
0.4 mM isopropyl-β-D-thiogalactopyranoside at 16 °C, and after lysis,
cell supernatant was loaded on a GSTPrep™ FF 16/10 column (GE
Healthcare, United Kingdom) equilibrated with buffer A (50 mM Tris–
HCl, pH 7.5, 800 mM NaCl, 5% glycerol). GST tag was cleaved O/N at
4 °C by thrombin, and DENV MTase was puriﬁed through the GST
column again. The protein was further concentrated using Amicon
Ultra tube (Millipore, Billerica, MA).
DENV2 N-7 and 2′-O MTase assays
For characterization of in vitroDENV N-7 and 2′-OMTase activities,
various buffer conditions were tested. pH dependence was deter-
mined over a range from 6 to 10 using 50 mM MES (pH 6.0), MOPS
(pH 6.5), Tris–HCl (pH 7, 7.5, 8, 8.5, 9, 9.5), and glycine (pH 10).
Methylation assay was performed at room temperature (RT) in a
reactionmixture containing buffer, 0.64 μM [methyl-3H] AdoMet, 0.5–
1 µg (0.56–1.12 μM) RNA substrate, and 100 nM MTase. Buffer,
template, and enzyme were ﬁrst mixed together in a single well in a
96-well 1/2 area, white opaque plates (Corning Costar, Acton, MA) for
15 min. The reaction was then initiated by addition of [methyl-3H]-
AdoMet and incubated for 15 min and 30 min for N-7 and 2′-O
activity, respectively. Reaction was stopped with 25 μl of 2× stop
solution (100 mMTris–HCl, pH 7, 100 mMEDTA, 600 mMNaCl, 4 mg/
ml streptavidin–SPA beads, and 62.5 μM cold AdoMet). The plate was
shaken for 30 min at 750 rpm at RT followed by centrifugation for
2 min at 1200 rpm and read in a TriLux MicroBeta counter
(PerkinElmer, Boston, MA) with a counting time of 1 min/well. All
data points were measured in duplicate. Final assay buffer conditions
for N-7 and 2′-O activity were 50 mM Tris–HCl, pH 7.5, 20 mM NaCl,
2 mM DTT, 0.05% CHAPS and 50 mM Tris–HCl, pH 7.5, 10 mM KCl,
2 mM MgCl2, 0.05% (vol./vol.) CHAPS, and 2 mM DTT, respectively.
Determination of the position of methylation
Methylation assay was performed in a reaction mixture as
described above for the desired period at RT after which the RNA
was recovered by extraction with phenol–chloroform–isoamyl alco-
hol and precipitation with ethanol. Half of the RNA substrate was then
treated with 5 U tobacco acid pyrophosphatase (Epicentre Bio-
technologies, USA) in 50 mM sodium acetate, pH 6, 1 mM EDTA,0.1% beta-mercaptoethanol, and 0.01% Triton-X-100 for 2 h at 37 °C,
while the remaining half was similarly incubated but in buffer without
enzyme. Reactions were stopped by adding equal volume of 2× stop
solution.
Methylation assay for thin-layer chromatography
5′-Labeled substrates G*pppA-RNA, representing the ﬁrst 110
nucleotides of the DENV genome (asterisk indicates that the gamma
phosphate is 33P-labeled) were prepared with vaccinia virus capping
enzyme following the manufacturer's protocol (Epicentre Biotechnol-
ogies). Labeled RNA were puriﬁed through two Sephadex G-25 spin
columns (GE Healthcare), extracted with phenol–chloroform, and
precipitated with ethanol. Methylation was performed in a 20-μl
reaction containing 50 mM Tris–HCl, pH 7.5, 20 mM NaCl, 0.5 pmol of
G*pppA-RNA, 2.5 μM AdoMet, and 0.4 μM of MTase) at RT. At 5, 15,
30 min, 1 h, 2 h, and 4 h, reaction mixtures were digested with 1 U of
nuclease P1 in 20 mM Tris–HCl, pH 7.5 overnight and analyzed on
polyethyleneimine cellulose thin-layer chromatography (TLC) plates
(JT Baker, USA) using 0.65 M LiCl as solvent. After the TLC plates were
dried, spots representing different cap structures (GpppA, m7GpppA,
and m7GpppAm) were quantiﬁed with a PhosphorImager.
Determination of kinetic parameters
Two sets of experiments were performed in N-7 assay buffer, with
the ﬁrst set comprising 100 nM enzyme, 3.5 μM [methyl-3H]-AdoMet
and RNA substrate concentration varying from 0 to 3.34 μM and the
second set comprising 100 nM enzyme, 2 μM RNA substrate and
[methyl-3H]-AdoMet concentration varying from 0 to 2 μM. To
determine the steady-state parameters of N-7 and 2′-O MTase
activities, the RNA substrates used were GTP capped nt 1–110 and
m7 GTP capped nt 1–110, respectively. Total reaction time was 15 and
30 min for N-7 and 2′-O methylation, respectively. All data points
were done in duplicate, plotted as Michaelis–Menten graphs for
velocity as function of either RNA or AdoMet concentrations,
according to Eq. (1), using GraphPad Prism® version 3.02 program
(GraphPad Software, Inc.) as described in Lim et al. (2008).
v =
Vmax
app½S
Kappm + ½S
ð1Þ
where v is the rate of product formation, [S] is the substrate concen-
tration,Vmaxapp corresponds tomaximal velocity, andKmapp is the substrate
concentration needed to reach half-maximal velocity.
Determination of MTase processivity
Assays were performed in N-7 assay buffer with 100 nM MTase,
1.28 μM [methyl-3H]-AdoMet, and 0.8 μM biotinylated-RNA substrate
and incubated for 5 min after which equal amounts of nonbiotiny-
lated, biotinylated RNA substrates, or water were added, and the
reaction was stopped by the addition of 2× stop solution at 10-min
intervals during a period of 1 h.
Inhibitor testing
To measure inhibition of DENV N-7 and 2′-O methylations,
sinefungin and SAHC were tested at a maximum concentration of
20 or 100 μM in three-fold serial dilutions concentrations in assay
buffers containing 50 mM Tris–HCl, pH 7.5, 20 mM NaCl and GTP
capped 110nt RNA or 50 mM Tris–HCl, pH 7.5, 10 mM KCl, 2 mM
MgCl2, and m7GTP capped 110nt RNA, respectively. Typically, 100 nM
enzyme and 0.56 μM RNA substrate were preincubated with com-
pounds at RT for 20 min in a 96-well plate. Reactions were initiated by
addition of 0.64 μM [methyl-3H]-AdoMet and allowed to proceed for
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with 2× stop solution as described before and the plates were read. All
data points were measured in duplicates. Ki values were determined
by ﬁtting the calculated initial velocities (average counts/min) to a
nonlinear regression curve ﬁt using GraphPad Prism® software.
Determination of Ki of GTP-capped RNA
Displacement of GTP-bodipy by SAHC, sinefungin, and RNA was
monitored by ﬂuorescence polarization in black 96-well 1/2 area
microplate (Corning). Each well contained 30 μl of 100 nM GTP-
bodipy and 300 nMMTase in 50 mMTris–HCl, pH 7.5 and 20 mMNaCl
(N-7 buffer) or 50 mM Tris–HCl, pH 7.0, 10 mM KCl, 2 mMMgCl2 (2′-
O buffer), with serially diluted RNA concentrations ranging from 0 to
3 μM in the presence or absence of 100 μM SF or SAHC. Fluorescence
polarizationwasmeasured using Synergy 4microplate reader (Biotek,
USA) with λex=485 nm and λem=528 nm. For each ligand, IC50
(concentration of ligand needed to displace 50% of GTP-bodipy) was
determined by ﬁtting the dose–response curve with:
FP = FP0 +
ðFPT−FP0Þ
1 + 10nðlogIC50−log½LÞ
ð2Þ
where FP0 is the ﬂuorescence polarization units (mP) obtained when
no GTP-bodipy in bound and FPT is the ﬂuorescence polarization units
(mP) when all GTP-bodipy is bound. [L] is the ligand concentration
and n represents the Hill slope obtained.
Ki for ligandwas deﬁned by the Cheng–Prusoff equation (Yung-Chi
and Prusoff, 1973):
Ki =
IC50
1 + ½GTP bodipy= Kd
ð3Þ
where Kd is the dissociation constant of GTP-bodipy for MTase (Kd=
0.8±0.2 µM). [GTP-bodipy]was10 nMin thecompetition experiments.
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